Introduction

The gene network concept
The physiological functions of organisms are accomplished through the coordinated regulation of the expression of a large number of genes. Hence, there exist complex networks: gene ensembles functioning in a coordinated manner to provide vital functions, the fine regulation of physiological processes, and the responses to external stimuli. The functional elements of a gene network are as follows: 1. A gene ensemble interacting when certain biological functions are performed. 2. Proteins encoded by these genes. To ensure the performance of an appropriate function, the proteins can be modified (phosphorylated or glycosylated), or can form different complexes (Harada et al., 1994; Anan'ko et al., 1997) .
3. Signal transduction pathways providing gene activation in response to an external stimulus. 4. A set of positive and negative feedbacks stabilizing the parameters of the gene network (autoregulation) or providing a transition to a new functional state (Kolchanov, 1997). 5. External signals, hormones and metabolites that trigger the gene network or correct its operation in response to the changes in physiological parameters. The regulation of a gene network is not restricted to the level of transcription. The gene network can be regulated at the levels of translation (Buss and Stepanek, 1993; Pyronnet et al., 1996) , splicing (Caputi et al., 1995; Cote et al., 1995; Nandabalan and Roeder, 1995; Yao et al., 1996) , posttranslational protein degradation (Hochstrasser, 1996) , active membrane transport (Weissmuller and Bisch, 1993) , and other processes. Thus, all the regulatory levels should be taken into consideration in a correct description of the gene network.
The components of a gene network are scattered throughout cells, tissues and organs. This fact should also be taken into account in descriptions and models of gene networks.
Databases for signal transduction pathways
Experimental data on the features of gene function have been accumulating rapidly during the last 10 years. As a result, a number of databases describing certain features of the function of gene networks, mainly those related to signal transduction pathways, have been developed. These databases include:
CSNDB: the Cell Signaling Networks Database (Igarashi and Kaminuma, 1997 ; http://geo.nihs.go.jp/csndb.html) contains descriptions of signal transduction mechanisms, structure-function data, and references to extracellular chemicals and biomolecules, as well as various graphical representations, such as pathway diagrams, three-dimensional images and pictures.
SPAD: the Signaling Pathway Database (http://kintaro.grt.kyushu-u.ac.jp/eny-doc/spad.html) is an integrated database for genetic information and signal transduction sys-tems. SPAD compiles the information on interactions between proteins, proteins and DNA, as well as on DNA and protein sequences.
BRITE: the Biomolecular Reaction pathways for Information Transfer and Expression (http://www.genome.ad.jp/ brite/brite.html) has schemes for interactions of both human and yeast genes and their products involved in the regulation of the cell cycle, as well as schemes for the pathways controlling early development in Drosophila. BRITE is now a part of the KEGG Project.
KEGG: the Kyoto Encyclopedia of Genes and Genomes (Goto et al., 1997 ; http://www.genome.ad.jp/kegg/ kegg.html). The goal of the project is to computerize current knowledge on the information pathways of the genes and gene products which may be regarded as wiring diagrams of biological systems. KEGG consists of three types of data, pathways, genes and molecules, linked to each other and to the existing databases through the DBGET (http://www.genome.ad.jp/dbget/dbget.links.html) integrated database system. The data in KEGG are represented either by graphical diagrams (pathway maps and genome maps) or hierarchical texts (gene catalogs and molecular catalogs). The programs for handling the data in KEGG are written either in the CGI (Common Gateway Interface) scripts or in Java.
GeNet: the Gene Networks database (http://www.iephb.ru/∼spirov/genet00.html) contains the information on the gene systems controlling the development of organisms (sea urchin early activated genes, nematode Caenorhabditis homeobox genes, gene-controllers of Drosophila segmentation and vertebrate morphogenesis). The regulatory regions of the genes, tandem repeats and chromatin structure are also taken into account.
The diagrams of the signal pathways or the gene networks in the listed databases consist of nodes and arrows. The nodes represent genes, proteins, their complexes, low-molecularweight compounds, and metabolites. The arrows represent interactions between the nodes. They also have hypertext links between the diagram and molecular data.
In all the above databases, the diagrams are drawn manually. Automated construction of diagrams from the formalized information appears to be a promising direction. EcoCyc was the first convincing demonstration of the efficiency of automated generation of diagrams for metabolic pathways (Karp and Paley, 1995; Karp et al., 1996) ; however, the gene network databases are not provided with such mechanisms.
Tasks before developing the GeneNet 1. To develop a format describing experimental data on the gene networks and the main events occurring in them. 2. To develop approaches and software for visualization of the gene networks from their formalized description. 3. To make possible selection of the data to be visualized depending on the species, cell type and inducer effect. 4. To provide interactive access to the GeneNet for a user via the Internet. An approach to a formalized description of the gene networks is proposed. The regulation of two biological functions, antiviral response and erythropoiesis, is described. Interdependence of genes, signal transduction pathways and the major features of gene network operation are described for each function. Java-based software provides automated construction of gene network diagrams. A system of filters allows the user to select information depending on species, cell type and inducer.
Principles underlying the GeneNet
Object-oriented approach
Based on an object-oriented approach (Booch, 1991) in the description of the gene network, the following components are distinguished (Figure 1 ): entities (any material objects), relationships between the gene network components, and the states of the gene network characterized by the processes occurring (e.g. viral infection, non-specific cell defense, anemia or erythroid differentiation).
Entities. Four classes of entities are distinguished ( Figure 1 ): (i) cell (tissue, organ)-entity regarded as a definite compartment containing a certain set of objects of other classes; (ii) protein or protein complex; (iii) gene; (iv) other regulatory substance or metabolite.
Relations. Two classes of relationships between the entities are distinguished (Figure 1 ). 1. Reaction-the interaction between the entities that leads to the appearance of a new entity, assembly or disassembly of a multimeric complex, expression of a protein, or secretion of certain substances. Protein modifications are also assigned to this class (e.g. the transition of a protein to an active state as a result of phosphorylation). 2. Regulatory event-the effect of an entity (it may be regarded as a catalyst or inhibitor) on a certain reaction.
Regulatory events of four types are distinguished depending on their effect on the reaction: (i) switch on (e.g. protein kinase catalyzes the dissociation of the transcription factor/inhibitor complex that leads to transcription factor activation); (ii) switch off (the effect of the repressor protein); (iii) positive effect (enhancement of the gene expression by the transcription factor); (iv) negative effect (weakening of the gene transcription by the inhibitor). The combined effect of several entities can be different from the effect of each entity alone [for instance, the synergistic effect of transcription factors within a composite element (Kel et al., 1995) on gene expression]. This type of reaction is referred to as 'complex'. Thus, simple and complex relationships are distinguished.
Representation levels of the gene network
Compartmentalization is a characteristic feature of the processes occurring in the gene network. The components of the gene network are scattered throughout organs, tissues, cells and cell compartments. As a first approximation, three hierarchical levels are considered in the description of the gene network. 1. Organism level. The entities described at this level are organs, tissues, particular types of cells, and secreted proteins and substances affecting other organs, tissues and cells. The description at this level enables the scattering of the gene network components throughout organs, tissues and cells to be taken into account. 2. Single-cell level. Four compartments are distinguished at the single-cell level: (i) the intercellular space; (ii) the cell membrane; (iii) the cytoplasm; (iv) the nucleus. The description at this level enables the scattering of the gene network components throughout the cell compartments and different molecular levels of the gene network regulation (e.g. transcription, translation, active membrane transport, etc.) to be considered. 3. Single-gene level. The regulation of gene transcription is described at this level in detail, employing the information from the TRRD database . The TRRD format allows the description of the modular structure of transcription regulatory regions and the hierarchy of their constituent regulatory units: (i) regulatory regions (e.g. the 5′-or 3′-flanking regions); (ii) promoters and enhancers; (iii) composite elements (Kel et al., 1995) ; (iv) transcription factor binding sites.
The processes in the gene network are directional
The directionality of the processes occurring in the gene network can be determined in many cases. There are two directions with respect to the activated genes in the GeneNet: (i) INPUT, i.e. the signal transduction pathway from the cell re- ceptor to the gene; (ii) OUTPUT, i.e. the processes occurring in the cell after the gene responded to the signal. The relationships between the gene network components are also directional. The direction of each relationship may be specified as input → output.
The GeneNet database structure
Experimental data from original papers are formalized and collected in the GeneNet database. Species and cell types are taken into account.
The GeneNet database is object oriented. The hierarchy of its classes is shown in Figure 1 . Instances of Cell, Gene, Protein, Substance, State and Relation classes are described in the tables CELL, GENE, PROTEIN, STATE and RELA-TION, respectively (Figure 2 ). The database contains two additional tables: SCHEME and LITER (Figure 2) . Thus, the database comprises eight tables in text format similar to the EMBL database format. The GeneNet has references to the databases EMBL, SWISS-PROT, TRRD, TRANSFAC, EPD and MEDLINE (Figure 2) . The examples of entries from each of the eight tables are shown in Figure 3 .
CELL contains information on the cell type and lineage (Figure 3a) . GENE contains data on the genes and their regulatory features based on information from the TRRD (Figure 3b) . PROTEIN contains data on proteins and their complexes (Figure 3c ). In the description of a protein, attention is paid to its functional state (active or inactive), its multimerization level and modification (phosphorylation). The same protein in different states (phosphorylated or not, a monomer or a homodimer) is described in a separate entry.
SUBSTANCE contains data on regulatory substances and metabolites (Figure 3d ). STATE contains data on the physiological processes and the state of the organism during the functioning of the gene network (Figure 3e) .
RELATION contains data on the relationships between the gene network components (Figure 3f ). The accession numbers of the gene network components involved in a relationship are listed in two fields, IN and OUT, according to the relationship directionality. The IN field indicates the accession number (or numbers in case of a complex relationship) of the component which is either converted or acts on another component. The OUT field indicates the accession number of the component either resulting from a reaction or affected by an IN component. As the same components can be in distinct cell compartments, a special number for compartment identification (1, the intercellular space; 2, the cell membrane; 3, the cytoplasm; 4, the nucleus) is given next to the accession number of a component (Figure 3f) . SCHEME contains the description of the gene network graphs (Figure 3g ) including: the lists of the entities, gene network states and the relationships between them, as well as the instructions for optimal arrangement of the entities in the next diagram and for grouping equivalent entities (for details see next section). The SCHEME summarizes all experimental data on the gene network that have been collected in the GeneNet database. Note that the data on the components of the gene network may be obtained for different species and types of experiments, and under different conditions. LITER contains the references to the original papers (Figure 3h) . Because the experimental data described in the database are referenced, each table (e.g. the entry in Figure 3f ) can have the reference field RF linked to the LITER table.
Automated construction of the gene network diagrams
The GeneNet database is designed to provide automated diagram construction of the gene network. For this purpose, the Java program drawing the gene network diagrams from its formalized description was developed.
A diagram of the gene network is a graph with nodes corresponding to entities and arrows representing relationships between the gene network components. Information about the structure of the gene network graph is contained in the SCHEME table.
Images of gene network components
Each object type in the GeneNet database has its own image in the diagram, representing the features of the object (Table  1) . The shape of the protein indicates the level of its multimerizaton; color, its functional state (active or inactive); and an additional red ball, its modification resulting from phosphorylation. The arrows, which represent the relationships between the objects, differ depending on their type (Table 1) : reaction is indicated by a double arrow and a regulatory event by a single arrow. The color indicates the type of regulatory event: red, switch on of the reaction; black, switch off of the reaction; pink, positive effect on the reaction; blue, negative effect on the reaction.
Equivalence group
The data obtained from different species are summarized in the scheme of the gene network. As a result, the diagram can contain several equivalent objects (e.g. homologous genes or proteins from different species). In the SCHEME table, such equivalent entities are described as equivalence groups. Relationships between equivalent entities are also equivalent. The equivalent components of the gene network are displayed as one image. For example, the scheme of the antiviral response at the single-cell level contains the homologous human (P00018) and mouse (P00040) Jak2-p proteins joined into the equivalence group {P00018, P00040} ( Figure 3g ) and represented by a single node in the diagram (Figures 4a  and 5e ).
Diagram layout
The first and the most difficult step in the automated construction of a gene network diagram is the arrangement of the nodes with respect to each other. This can be achieved by separate visualization of each level of the gene network and assignment of the nodes to compartments and their regions (see below). Each of the three levels of the gene network representation-the organism, the single cell or the single gene-is displayed in a separate window. Diagrams of the gene network regulating the antiviral response for each level are shown in Figure 5a , e and j. To visualize the gene regulatory map, TRRD Viewer is used (Kolpakov and Babenko, 1997) .
At the organism level, two regions are distinguished according to the directionality of the gene network: input and output. At the single-cell level, four compartments are distinguished: (i) the intercellular space; (ii) the cell membrane; (iii) the cytoplasm; (iv) the nucleus. Each compartment is divided into two regions according to the directionality of the gene network, INPUT and OUTPUT. INPUT contains the components involved in the signal transduction pathway from the cell receptor to the gene; OUTPUT contains the components involved in the processes occurring in the cell after the gene responded to the signal. In the diagram construction, entities (genes, proteins and substances) and the gene network states are depicted in each compartment, where they are indicated in the entry from the SCHEME table (Figure 3g ) only once, regardless of the number of relationships. The nodes in each region are arranged independently of the other regions. The nodes are assigned to the apex of the grid from left to right (Figure 4a ) in the order they are listed in the field of the SCHEME table (Figure 3g ). However, when there are more than 3-5 nodes in a region, additional information is occasionally needed to provide their optimal arrangement. For this purpose, the scheme can have special indications: the coordinate to where the node should be assigned. For example, (1,0) {P00018, P00040} in the scheme for the antiviral response at the cell level (Figure 3g ) means that the apex corresponding to Jak2-p protein is assigned to coordinates (1,0) in Figure 4a .
After the nodes have been assigned to the regions, the minimum size of each region is determined. For this purpose, the boundaries of a rectangle containing all the nodes of a given region are calculated (Figure 4a) . Then, the regions are ordered with respect to each other, as shown in Figure 4b (organism level) and Figure 4c (single-cell level) .
The arrows are drawn after the nodes have been arranged. Since the coordinates of all the nodes are known, the arrows are drawn so as not to intersect the nodes (in the case of potential intersection, the arrow goes around the node).
Filters
By default, the gene network diagram is drawn from all the information given in the corresponding entry from the scheme table. However, a system of filters enables a user to select for visualization only the entities and relationships that have been experimentally identified for a specified organism or specified cell types, as well as those specific to the cell response to specified external stimuli. For this purpose, the GeneNet is provided with filters of three types according to (i) species, (ii) cell type and (iii) inducer. All three filters can be applied to the diagram of the gene network at the cell level, whereas only the species filter is accessible at the organism level.
An appropriate filter contains a list of all the species, cell types or inducers for all the objects in the diagram. One, several, or all the listed elements can be selected from the corresponding filter list (e.g. from the filter by species in Figure  5b ). All the three filters can be used at the same time. As a result, only the objects that meet the requirements of all the filters will be displayed in the diagram. It is noteworthy that, when filters are used, the entities in the diagram do not change their position, this simplifies the visual comparison of the diagrams. For example, the diagram of the gene network regulation of the antiviral response at the organism level (Figure 5c ) is filtered by the species (human). When comparing the filtered (Figure 5c ) diagram with the complete diagram (Figure 5a ), a number of entities and relationships disappear, while only the entities identified in human and the relationships established experimentally for these entities remain.
Implementation
The current version of the GeneNet database has a description of the gene networks of the antiviral response and erythropoiesis. For a formalized description of these gene networks, the information from the IIG-TRRD (Anan'ko et al., 1997) and ESG-TRRD (Podkolodnaya and Stepanenko, 1997) databases and original papers was used.
The GeneNet graphical user interface ( Figure 5 ), written in Java, allows exploration and visualization of the GeneNet database through the Internet. It includes the tools described above for automated generation of the gene network diagrams (Figure 5a , e and j) and the system of filters (Figure  5b ), as well as the tools for data navigation, including interactive images in the diagram (Figure 5a , e and j), on-line help (Figure 5g) , interactive cross-references within the GeneNet database (Figure 5f ), and references to other databases (Figure 5h) .
All the images in the diagram are interactive, i.e. if a user clicks the image, the textual description of the corresponding entry in the GeneNet database is displayed in a special text window under the diagram (Figure 5a , e and j). If an image is an equivalence group, i.e. it represents several equivalent entities or relationships (see the section 'Equivalence group'), the text window displays the descriptions of all the objects in the group. Double clicking the gene image (e.g. the iNOS gene in Figure 5e ) starts the TRRD Viewer (Figure 5j) , and the regulatory map of the gene is visualized. The objects in map window are interactive, i.e. if a user clicks the site image (e.g. PIE site in Figure 5j ), the site description from the TRRD database is displayed.
The text window contains formatted text with hypertext references of three types: (i) the references explaining the type of information described in the field ( Figure 5g) ; (ii) cross-references within the GeneNet database ( Figure 5f ); (iii) the references to other databases (Figure 5h ): EMBL, SWISS-PROT, TRRD, TRANSFAC, EPD and MEDLINE (to display the entries from these databases in the browser window SRS is used).
Discussion
The first theoretical studies and the concept of gene networks date back to late 1960s. There are three major models to describe the gene networks and their dynamics: (i) logical description, in which variables (the gene networks components) and functions (the relationships between the components) can take only a limited number of values, typically only two (0 and 1) (Kauffman, 1969; Thomas, 1973; Thomas et al., 1995) ; (ii) description of the gene network dynamics using a system of non-linear differential equations (Savageau, 1985a,b) ; (iii) stochastic model of the gene network (McAdams and Arkin, 1997) , which is most applicable to those parts of the gene network where subsequent events are determined by a very low concentration of a regulatory agent (e.g. transcription factor). However, the correct choice of the optimal model and its implementation with the real gene networks must rely on the large body of experimental data.
The object-oriented approach was used in the development of the proposed GeneNet database. The major goal of the object-oriented database model is to ensure semantic data integrity (Booch, 1991; Schweigert et al., 1995) . The objectoriented model more faithfully reflects the real world and has other merits versus the relational model (Karp, 1993; Schweigert et al., 1995; Kalinichenko et al., 1997) . In most cases, the object-oriented databases are used by applications requiring storage of the data with complex structure and complex relationships (the gene network description is such a case), and when access to a single entry prevails over access to an entry set, as in the relational databases (Kalinichenko et al., 1997) .
All the databases listed in the Introduction (CSNDB, SPAD, BRITE, KEGG and GeNet) have interactive diagrams that are drawn manually. We propose the approach for automated generation of the gene network diagrams from their formalized description stored in the GeneNet database. Among the advantages of this approach is the possibility of automated diagram updating when new data are obtained. The disadvantage of this approach is that humans are capable of creating better layouts for very complex diagrams than an algorithm.
The state of a gene network (the objects involved, their states and interactions) depends on the type of cells, inducers and other factors. It appears cumbersome to describe real gene networks in very different states as sets of manually drawn diagrams that would correspond to each state. A way to circumvent this is the automated generation of the diagrams from the summarized gene network description with employment of a system of filters. It is planned to provide visualization of the changes in the state of the gene network depending on the developmental stage, cell cycle and the time of inducer action. This requires a more detailed formalized description of the processes occurring in the gene network and enhancements of the filter system.
As a first approximation, three hierarchical levels (organism, single cell and single gene) are considered in the description of the gene network. This takes into account a scattering of the gene network components throughout organs, tissues, cells and cells compartments, as well as the description of different molecular levels of the gene network regulation. More adequate description of the gene network requires further formalization of the concepts of organs and tissues. Other cell compartments (mitochondria, endoplasmic reticulum, etc.) should be taken into consideration. The object-oriented approach used in the development of the GeneNet database and its graphical user interface simplifies the task.
Relying on information from the TRRD database, the gene network regulating lipid metabolism (Ignat'eva et al., 1997) is now being added. To ensure rapid filling of the GeneNet database, we are developing the interface to input new data in a dialog mode through the Internet by independent researchers.
